GW. Feeding-dependent activation of enteric cells and sensory neurons by lymphatic fluid: evidence for a neurolymphocrine system. Am J Physiol Gastrointest Liver Physiol 306: G686 -G698, 2014. First published February 27, 2014 doi:10.1152/ajpgi.00433.2013.-Lymphatic fluid is a plasma filtrate that can be viewed as having biological activity through the passive accumulation of molecules from the interstitial fluid. The possibility that lymphatic fluid is part of an active self-contained signaling process that parallels the endocrine system, through the activation of G-protein coupled receptors (GPCR), has remained unexplored. We show that the GPCR lysophosphatidic acid 5 (LPA5) is found in sensory nerve fibers expressing calcitonin gene-related peptide (CGRP) that innervate the lumen of lymphatic lacteals and enteric nerves. Using LPA5 as a model for nutrient-responsive GPCRs present on sensory nerves, we demonstrate that dietary protein hydrolysate (peptone) can induce c-Fos expression in enterocytes and nerves that express LPA5. Mesenteric lymphatic fluid (MLF) mobilizes intracellular calcium in cell models expressing LPA5 upon feeding in a time-and dose-dependent manner. Primary cultured neurons of the dorsal root ganglia expressing CGRP are activated by MLF, which is enhanced upon LPA5 overexpression. Activation is independent of the known LPA5 agonists, lysophosphatidic acid and farnesyl pyrophosphate. These data bring forth a pathway for the direct stimulation of sensory nerves by luminal contents and interstitial fluid. Thus, by activating LPA5 on sensory nerves, MLF provides a means for known and yet to be identified constituents of the interstitial fluid to act as signals to comprise a "neurolymphocrine" system. G protein-coupled receptor; intestine; lacteal; lysophosphatidic acid 5; nutrient sensing NUTRIENT SENSING IS INCREASINGLY being recognized as affecting the etiology of diseases resulting from obesity, inflammation, dysregulation of intracellular metabolism, and modification of behavior such as food intake.
G protein-coupled receptor; intestine; lacteal; lysophosphatidic acid 5; nutrient sensing NUTRIENT SENSING IS INCREASINGLY being recognized as affecting the etiology of diseases resulting from obesity, inflammation, dysregulation of intracellular metabolism, and modification of behavior such as food intake. The basis of current models for organic nutrient sensing begins with the studies performed during early 1900s on peripheral nerves by Pavlov and with the discovery of the first hormone, secretin, by Bayliss and Starling (8) . The demonstration of the release of peptide YY (PYY) by dietary oleic acid from isolated mucosal L-cells established that populations of enteroendocrine cells (EECs) could directly respond as nutrient-sensor cells (6) . Current models of the gastrointestinal nutrient sensory system are centered on the indirect activation of extrinsic nerves through the binding of their receptors by peptides, such as PYY, glucagon like peptide-1 (GLP-1), cholecystokinin (CCK), ghrelin, and somatostatin, which are secreted as hormones from EECs in response to organic nutrients (9) . Part of this indirect activation of sensory nerves was used to explain the increase in expression of c-Fos proto-oncogene and c-Fos protein in neurons of the central nervous system (CNS) in response to nutrient stimuli, such as lipids and carbohydrates. Because c-Fos activity is increased in neurons containing receptors for hormones released from the gut in response to nutrients, such as CCK, it has been speculated that c-Fos activity is part of satiety-inducing mechanisms in areas of the CNS, such as the nucleus of the solitary tract (71) , through gut peptide receptors in response to sensory stimulation (26) . Increase in c-Fos activity by direct nutrient stimulation of sensory neurons has not been examined.
Mesenteric lymphatic fluid (MLF) contains molecules derived from the intestinal lumen and the surrounding extracellular fluid of the mucosal cells. MLF is enriched with a variety of molecules including peptide hormones (22) , nutrients, neurotransmitters, and potentially biologically active lymph-specific proteins that change in concentration in response to feeding (22, 41, 54) . Lymphatic vessels and endothelial cells that comprise lymphatic lacteals are innervated by peptidergic nerves (35-37, 39, 40) , suggesting that these nerves may mediate potential biological activity of lymphatic fluid on the CNS. However, the function of those peptidergic nerves, which are close to the lumen of lymphatic vessels, remains unknown.
The activation of G protein-coupled receptors (GPCRs) is an important process in the sequence of events that can comprise a GI chemosensory system (23) . GPCR activation can be regulated by a range of multiple ligands, with downstream responses that can be attenuated or enhanced in a gradient-like manner (57, 66) . Such characteristics make GPCRs ideal nutrient signal transducers in EECs or neuronal tissues. However, the potential for lymphatic fluid to act as part of a chemosensory system that can activate GPCRs has remained unexplored. A number of orphan GPCRs have recently shown to be activated by molecules that can be found in the lumen following a meal, such as long-chain fatty acids, short-chain fatty acids, and bile acids (14, 23, 42) . Because several of these GPCRs are expressed in EECs, it has been assumed that these would function as chemosensors of the enteroendocrine system in general (17, 20) .
The GPCR lysophosphatidic acid 5 (LPA5) (also called GPR93 or GPR92) is expressed in mucosal cells (16) and neuronal tissues, such as the spinal cord dorsal horns (50) and dorsal root ganglia (DRG) (59) . The closest structurally related GPCRs to LPA5 are P2Y5 and P2Y9, which are also activated by LPA (16, 46) . However, we found that only LPA5 is activated by partially digested dietary protein (peptone). LPA5 responds to both LPA and peptone (with EC 50 of 8 nM and 10 mg/ml, respectively), yielding distinct effector pathways (17) . Activation of LPA5 by peptone in the EEC STC1 cell line induces a calcium-dependent CCK release and synthesis, whereas LPA activation does not result in the release of CCK (16) . This allows for a regulation of CCK release, by the presence of partially digested dietary protein that is independent of the presence of LPA.
Here we show the activation of GPCRs, such as LPA5, expressed in peptidergic neurons by peptone and protein components in the mesenteric lymph. This provides the means by which luminal molecules, such as organic nutrients, and unknown interstitial molecules could act as chemical signals to the CNS through primary afferent neurons that have cell bodies in sensory ganglia (such as the DRG, vagal sensory ganglia) that are close to the brain or spinal cord and in the brain stem (28) .
MATERIALS AND METHODS
Animals. Unless otherwise indicated, Sprague Dawley rats (male, 200 -250 g) and C57BL/6 mice (6 -8 wk) were from Charles River Laboratories and Jackson Laboratory. Procedures conform to the guidelines of the National Institutes of Health Animal Research and were approved by Institutional Animal Care and Use Committees of the University of California at Berkeley, at San Francisco, and by the University of Cincinnati Institutional Animal Care and Use Committee.
Human tissue. All procedures were approved by the Human Research Ethics Committee of Austin Hospital, Melbourne Australia (approval H2011/04231). Jejunal tissue was derived from patients aged between 38 and 81 yr (mean 67.6 yr) that had undergone removal of 6 -8-cm-long jejunum segments, for surgical reasons, using procedures as previously described (32) .
MATERIALS. All reagents used in this study were purchased from Sigma-Aldrich unless indicated differently. Oleoyl LPA farnesyl pyrophosphate was purchased from Cayman Chemical. The LPA used in this study was dissolved in PBS (pH 7.4) with 0.1% fatty acid-free BSA (ffBSA) as a carrier.
Plasmid construction. The mitochondria-targeted aequorin (mtAEQ) and LPA5 expression vectors were constructed as previously described (16) . The vector base for the reporter constructs, pBVluc, was a generous gift from Dr. Bert Vogelstein (The Johns Hopkins Kimmel Cancer Center). The cAMP response element (CRE; TGACGTCA)-linked luciferase reporter contained eight tandem repeats of the respective response element. The c-Fos promoter-linked luciferase reporter plasmid was constructed by isolating the rat c-Fos promoter region that includes regulatory elements for c-Fos expression [from Ϫ471 to Ϫ113 bases relative to the transcription-starting site (13) ] with PCR (forward primer, 5=-GC-CTCGAGCTGTTCCCGTCAATCCCTCCCTCCTTTAC-3=, and the reverse primer, 5=-GCGAAGCTTAGCTGCAATCGCGGTTGGAG-TAGTAGGCG-3=) and subcloning it into pGL3-basic (Promega). All constructs were verified by DNA sequencing (DNA Sequencing Facility, University of California, Berkeley).
Primary hippocampal neuron and DRG isolation. Cells from adult mouse hippocampus were isolated as described by Fabel et al. (24) . Briefly, adult male mice were anesthetized and decapitated, and whole brains were removed. The brain was first bisected longitudinally, and the hippocampal lobe was separated along the natural separating line between the cortical white matter and alveus hippocampus. The white matter of the fimbria and subiculum was also removed. The hippocampal tissues were minced, digested with DNase (250 U/ml), neutral protease (1 U/ml Dispase), and papain (2.5 U/ml) in Hanks' balanced salt solution (HBSS), and washed three times with Dulbecco's modified Eagle's medium (DMEM)/10% fetal bovine serum (FBS; Hyclone Laboratories). The dislodged cells were suspended in DMEM/10% FBS, filtered through a sterile 107-m nylon mesh, and mixed at equal volume with 90% Percoll (GE Healthcare) solution in PBS. The mixture was fractionated by centrifugation for 30 min, 18°C, at 20,000 g. The pellet from the centrifugation was washed using DMEM/10% FBS for three times before cells were seeded down in DMEM/F-12 (1:1)/10% FBS on polyornithine/laminin-coated dishes for 24 h. After 24 h, medium was then changed to DMEM/F12 (1:1) supplemented with Glutamine N2 (Invitrogen) and 20 ng/ml fibroblast growth factor 2 until transfection.
DRG from thoracic and lumbar spinal cord of mice were minced in cold HBSS and incubated for 60 -90 min at 37°C in DMEM containing (in mg/ml): 0.5 trypsin, 1 collagenase type IA, and 0.1 DNase type IV. Soybean trypsin inhibitor (Sigma) was added to neutralize trypsin. Neurons were pelleted, suspended in DMEM containing 10% FBS, 10% horse serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2 mM glutamine, plated on glass coverslips coated with poly-L-lysine and laminin, and cultured for 2-3 days before use in the studies as previously described (1) .
Cell culture conditions and transfection. STC-1 cells (passage 17) were kindly provided by Dr. Douglas Hanahan (University of California, San Francisco). Rat pheochromocytoma cell line, PC12, was obtained from American Type Culture Collection. The hybrid Berkeley rat intestinal epithelial 380i (hBRIE 380i) cell line is nontumorigenic and expresses enterocyte phenotypes and intestine-specific protein markers (4) . The hBRIE 380i cells used in the experiments were from passage 11 to 18. Cell culture conditions for hBRIE 380i/ Chinese hamster ovary (CHO) cells and the electroporation protocol were as previously described (16) . STC-1 cells (passage 25 to 35) were maintained in DMEM with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin as additional supplements; at 37°C in 5% CO2-air. PC12 cells were maintained in Iscove's Modified Dulbecco's Medium (IMDM; Invitrogen) with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin as additional supplements; at 37°C in 5% CO2-air. Rat LPA5 or the empty vector stable transfectants were developed as follows; 36 h after electroporation (3 g plasmid DNA/10 6 cells), resistant clones were selected and maintained in the presence of 800 g/ml G418 (Invitrogen). The overexpression of LPA5 was verified by PCR and the calcium mobilization assay. To induce neuronal differentiation in PC12 cells, 1 ϫ 10 6 PC12 cells were laid down in IMDM/10% FBS in 24-well plates for 24 h followed by one PBS wash and changed to IMDM/1% FBS containing 100 ng/ml NGF for 7 days. Fifty percent of the culture medium was replaced every other day, including fresh NGF. NGF-differentiated PC12 cells, STC-1 cells, and primary hippocampal neuron cells were transfected with the LPA5 plasmid or the empty vector (pCI-neo; Promega) at 3 g/10 6 cells (for CRE reporter experiment in PC12, additional 1 g CRE reporter plasmid/10 6 cells was cotransfected with the receptor), using the Superfect reagent (Qiagen) according to the manufacturer's protocol, and cells were allowed to recover for 24 h under the normal culture conditions.
Bacterial-derived protein activation of LPA5. The activation of LPA5 was determined by exposing hBRIE380i cells that constitutively express LPA5 to increasing concentrations of peptidoglycan (PGN), muramylpeptides, desmuramylpeptides (DAP, ␥-DAP), Determination of LPA and FPP in MLF. The concentrations of LPA and farnesyl pyrophosphate (FPP) were measured in MLF taken from fasted rats and 60 min after rats were infused with a bolus of Ensure. Lipid measurements were determined as previously described (15) . Briefly, cell lipids were extracted with chloroform:methanol:Tris buffer (2:1:1). The organic layer was extracted, followed by acidification of the aqueous phase and reextraction with chloroform. The organic phases were combined, dried under nitrogen, and resuspended in chloroform for analysis by LC-mass spectrometry.
RNA isolation. To determine the change of c-Fos gene expression, both NGF-differentiated PC12 cells and primary hippocampal neuron cells were starved in serum-free media for 2 h after recovering from transfection, followed by 3-h treatments of peptone, LPA, or FPP in serum-free media. RNA was prepared as previously described (16) .
Semi-quantitative and single-cell RT-PCR. Reverse transcription was performed as previously described (47) . The PCR primers for LPA5 were designed to match the LPA5 sequence of rat (accession number: XM_575667) and mouse (accession number: BC117528). The LPA5 forward primer sequence was 5=-GCTCTGCCTGGGCGT-GTGGGCTCTCATCCTGC-3=, and the reverse primer sequence was 5=-GCGTCGGGCCTCGCCAGTGTCCAGAAGAC-3=. The PCR primers for c-Fos were designed to match the c-Fos sequence of rat (accession number: NM_022197) and mouse (accession number: NM_010234). The c-Fos forward primer sequence was 5=-CAGAT-GTGGACCTGTCTGGTTCCTTCTATG-3=, and the reverse primer sequence was 5=-AGGGAAGACGTGTTTCTCCTCTCTGTAATG-3=. The PCR parameters were: 20 s at 94°C, 15 s at 58°C, and 30 s at 72°C, for 30 cycles.
Single neurons were processed to obtain cDNA using Superscript III Cells Direct cDNA Synthesis Kit (Invitrogen) according to the manufacturer's instructions. Water was added to one-third of the sample for the negative reverse transcriptase (RT) control. The remaining two-thirds of the sample was reverse transcribed using Superscript III RT. PCR reactions used the following intron-spanning mouse primers: LPAR5 forward 5= to 3= GCTCTGCCTGGGCGT-GTGGGCTCTCATCCTGC, reverse 5= to 3= GCGTCGGGCCTCGC-CAGTGTCCAGAAGACC; transient receptor potential vanilloid 1 (TRPV1) forward 5=-tcaccgtcagctctgttgtc-3=, reverse 5=-gggtctttgaactcgctgtc-3=; ␤-actin forward 5=-ctggtcgtcgacaacggctcc-3=, 5=-reverse gccagatcttctccatg-3=. The PCR reaction contained primers, 0.5 units of HotStar Taq polymerase, 2.5 mM MgCl 2, 10 mM dNTP, and 10ϫ PCR buffer (Qiagen) (20 l final volume). The PCR reaction conditions were 50 cycles of initial activation at 95°C for 15 min, denaturation at 94°C for 30 s, annealing at 60°C for 30 s, extension at 72°C for 1 min, and final extension at 72°C for 10 min. As a positive control, RNA was isolated from whole DRG, spinal cord, or gall bladder and was reverse transcribed using Omniscript RT Kit (Qiagen). As negative controls, fluid from the vicinity of the collected cells was amplified, or RT was omitted. Products were separated by electrophoresis (2% agarose), stained using ethidium bromide, and sequenced to confirm identity.
Calcium mobilization assay. For the AEQ-based [Ca 2ϩ ]i mobilization assay CHO, hBRIE 380i, or STC-1 cells were electroporated with the mtAEQ expression plasmid (2 g/106 cells) and the LPA5 expression plasmid or empty vector (4 g/106 cells). Cells were allowed to recover for 20 h in IMDM/10% BCS, and then the [Ca 2ϩ ]i mobilization assay was performed as previously described (16) . Luminescence (as relative light units, RLU) was recorded continuously. Fractional RLU was defined as the increased RLU due to a stimulus normalized to the total RLU. Total RLU was the integrated RLU value for 30 s after injection of the stimulus plus 20 s after the addition of the lysis buffer.
For Fura-2 measurement of [Ca 2ϩ ]i, hBRIE 380i cells and DRG neurons were incubated in HBSS, 0.1% BSA, and 20 mM HEPES, pH 7.4, containing 2.5 to 5 M Fura-2 AM (Molecular Probes) for 30 -45 min at 37°C. Coverslips were mounted in an open chamber at 37°C. Fluorescence of individual cells was measured at 340 and 380 nm excitation and 510 nm emission using a Zeiss Axiovert microscope, an intensified CCD video camera (Stanford Photonics), and a video microscopy acquisition program (Axon Instruments). Test substances were directly added to the chamber (50 l injection). Each coverslip received only one treatment with protease-activated receptor 2-activating protein (PAR2-AP) or the inactive reverse peptide followed by capsaicin. DRG preparations were challenged with KCl (50 mM) at the end of each experiment (2). PAR2-AP (SLIGRL-NH2) was synthesized and purified as previously described (62) .
Luciferase reporter assay. The hBRIE 380i cells were electroporated with the reporter plasmid DNA (2 g/106 cells) and LPA5 expression construct or empty vector (6 g/106 cells) and placed onto 24-well plates (2.5 ϫ 105 cells/well). PC12 cells were transfected using Superfect. After 24 h in IMDM/10% BCS (IMDM/10% FBS with NGF was used for PC12 cells), the cells were serum starved for 2 h in IMDM/0.1% ffBSA. The treatments with peptone, LPA, or FPP were for 6 h, or in the case of c-Fos promoter reporter, 16 h. Luciferase activities from the samples were determined as previously described (16) .
Immunocytochemistry. Using computer sequence analysis tools, we selected the LPA5/GPR93 ECL2 domain as a target for the production of rabbit polyclonal anti-peptide antibodies. The full-length sequence was retrieved from the National Center for Biotechnology Information (NCBI) protein database and analyzed using MacVector (MacVector) and NCBI BlastP tools as well as the criteria described by Nelson et al. (56) . The peptide (LCFESFSDELWKGR) was selected based on high indices of antigenicity, surface probability, and surface topology and has 100% homology with human (174-187), mouse, and rat GPR93 (178-191). Cysteine was added to the COOH terminus as a cross-linking site for the preparation of peptide-protein immunogens and affinity media. The pMAL Protein Fusion and Purification System (New England Biolaboratory) was used to generate and purify the peptide fragment following the manufacturer's protocol. The amino acid content was verified by HPLC. Rabbits were injected with rat GPR93 (acetyl-178-191-Cys-amide) that is conjugated to a keyhole limpet hemocyanin once per month for 4 mo. Nonspecificity was assessed by analysis of staining with preimmune sera, by omission of primary antisera, and by analysis of wild-type hBRIE cells and hBRIE cells transfected with the rat LPA5.
Gastrointestinal tissues were from adult Sprague Dawley rats (male, 200 g; Harlan) and C57Bl6 mice (male, 6 -8 wk old, 200 -250 g, Charles River Laboratories). DRG from thoracic and lumbar spinal cord were taken from C57Bl6 mice. Tissues were immersion fixed for 1-2 days at 4°C. For cryostat sections, tissues were incubated in 20 -25% sucrose in PBS for 24 h at 4°C, embedded in optimal cutting temperature compound (Miles), and sectioned at 10 m for gastrointestinal tissues or 25 m for DRG and spinal cord. Sections were processed after being mounted on slides (gut) or as floating sections (DRG, spinal cord). Whole mounts were prepared by dissection of the longitudinal muscle with attached myenteric plexus, circular muscle, and sub-mucosa from the terminal ileum and were processed as floating preparations. Sections and whole mounts were washed in PBS containing 1-10% normal goat serum, 1% BSA, and 0.3-0.5% Triton X-100. Tissues were incubated with the following primary antibodies: LPAR5, rabbit 93ab2, 1:700; substance P, rat, 1:800 (see Cuello et. al Microscopy. For epifluorescence microscopy, specimens were observed using a Zeiss Axioplan microscope with Axiocam or Spot digital cameras. For confocal microscopy, specimens were observed using a Zeiss Axiovert microscope, a Zeiss 510 laser-scanning confocal microscope, or a Leica TCS-SP confocal microscope. The following objectives were used: Zeiss Fluor 20 (NA 1.0); Plan Apo 40 (NA 1.4), 100 (NA 1.3); Leica 10 (NA 0.4), 20 (NA 0.7), 100 (NA 1.4). For confocal microscopy, images were collected at a zoom of 1-2, and typically 10 -20 optical sections were taken at intervals of 0.5-1.0 m as previously described (19) (images were processed to adjust contrast and brightness using Adobe PhotoShop 7.0). Images of stained and control slides were collected and processed identically. Confocal images were digitally colored to represent the appropriate fluorophores. Images were viewed and analyzed using Imaris 7.6.5 from Bitplane Scientific Software.
Mesenteric lymph fluid. Male Sprague-Dawley rats weighing 280 -320 g (Harlan) were individually housed in a temperature-controlled (21 Ϯ 1°C) vivarium on a 12-h:12-h light/dark cycle (lights on at 0600). Standard chow (LM-485 Mouse/Rat Sterilizable Diet, Harlan Laboratories) and water were provided ad libitum (except where noted). All animal procedures were approved by the University of Cincinnati Institutional Animal Care and Use Committee and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All surgery and experiments were conducted 1-2 wk after rats were received as previously described (52) .
In brief, rats were fasted for 24 h before surgery but retained free access to water. Rats were anesthetized with isoflurane anesthesia, and then the superior mesenteric lymphatic duct was cannulated 2 cm beyond the pylorus into the duodenum via a fundal incision of the stomach. The lymph cannula and the intraduodenal feeding tube were exteriorized through the right flank. After surgery, the animals were placed in Bollman restraint cages (12) and allowed to recover overnight; the animals were kept in a temperature-regulated chamber (28°C) to prevent hypothermia and received a continuous intraduodenal infusion of 5% glucose-saline solution (145 mM NaCl, 4 mM KCl, and 0.28 M glucose) at 3 ml/h until 5:00 pm on the surgery day followed by 0.9% saline infusion at 3 ml/h until the next morning. The next morning, fasting lymph was collected for 1 h while 0.9% saline was infused at 3 ml/h. A bolus of 3 ml of either dextrin or Lyposyn II (Hospira) or Ensure (Abbott Laboratories) solution/emulsion was infused into rat duodenum while the 0.9% saline infusion was paused for 30 min. Lymph samples were collected at 0 (for fasting values) 30, 60, 120, and 180 min. Rats then received continuous infusion of saline (0.15 M NaCl) at 3 ml/h overnight before Ensure or Liposyn infusion to compensate for fluid and electrolyte loss due to lymphatic drainage. Lymph samples collected from dextrin (hydrolyzed starch)-infused rats were used as a control because duodenal starch infusion does not alter the basal phospholipid composition in rat mesenteric lymph (43) . We used the mesenteric lymph flow rate as an indicator to determine whether our experimental conditions and techniques of lymph collection were adequate. The solution used for dextrin treatment was made by dissolving 1.11 g dextrin (starch hydrolysate; MW ϭ 15,000; 4 kcal/g caloric content) in 3 ml PBS at pH 6.4. The emulsion used for Liposyn treatment was made by mixing 2.2 ml of 20% Liposyn II (containing 5% safflower oil, 5% soybean oil, up to 1.2% egg phosphatides, 2.5% glycerin, and water; 2 kcal/ml caloric content; Abbott Laboratories) with 0.8 ml 0.9% saline. Ensure (Abbott Laboratories) was used as a mixed-nutrient liquid that contains 14 kcal% protein, 21 kcal% fat, and 64 kcal% carbohydrate with a caloric content of 1.48 kcal/ml. Thus dextrin, Liposyn, and Ensure treatments used in this study had a caloric content of 4.43 kcal/3 ml. All rats received a 3-ml bolus dose of either dextrin saline Liposyn or Ensure through the intraduodenal feeding tube (time 0). At 30 min after bolus infusion, the saline infusion was resumed at 3 ml/h, and lymph was collected on ice at 10 -30-min intervals for 120 min after bolus infusion. Each lymph sample was treated with 10% per volume antiproteolytic cocktail (0.25 M EDTA, 0.80 mg/ml aprotinin). At the end of the lymph-collection period, rats were euthanized.
Statistical analysis. Where applicable, data were expressed as means Ϯ SD. Statistical difference between multiple groups was determined by one-way ANOVA with Duncan's post hoc test performed using SPSS version 11. Significance was accepted at P Ͻ 0.05.
RESULTS
LPA5 has been identified in gastrin G cells, somatostatin D cells of the gastric mucosa (33) , and a CCK cell line (17) . LPA5 could be a transducing GPCR that enables these cells to release their respective gut peptides in response to dietary protein. We determined LPA5 expression in the intestine in situ, in cells that could be responsive to luminal-derived signals, using an antibody (93ab2) against an LPA5 peptide fragment conserved in rat, mouse, and human. In this study, we show that LPA5-like immunoreactivity (LPA5-LI) in the small intestine (mouse, rat, and human) and distal colon (mouse) was prominently localized to submucosal ganglia and to EECs of the basal crypts and villi ( Figs. 1 and 2) , which demonstrates evolutionary conservation in enteric expression.
LPA5-LI was also prominent in nerve fibers innervating villus tips and in enteroendocrine-like cells of the mucosa (Fig.  1A) . LPA5-LI was extensively colocalized with calcitonin gene-related peptide (CGRP) (Fig. 1, A-E) nerve fibers. The colocalization of LPA5 with CGRP associated with the inner lacteal vessel lining in the lumen of the lacteals can be visualized in the Imaris three-dimensional reconstruction of the confocal images used in Fig. 1C (Supplemental Movie S1; supplemental material for this article can be found online at the American Journal of Physiology Gastrointestinal and Liver Physiology website). Here, grouped and single immunoreactive nerve fibers are seen to be located within the lumen of the lacteal and immediately beneath the endothelial cells (of the lymphatic lacteals), where CGRP and LPA5 were colocalized. This colocalization was closely associated with luminal-facing podoplanin, a marker of lymphatic lacteal endothelium, clearly demonstrating the presence of LPA5 in nerve fibers at the lumen of the lacteals (Fig. 1, F-I ). An Imaris three-dimensional reconstruction of the confocal image used in Fig. 1I is provided as Supplemental Movie S2. Human jejunal mucosa also showed LPA5 associated with podoplanin that appeared to run along the luminal face of the lacteal. This is exemplified in the Imaris three-dimensional reconstruction of the confocal images used in Fig. 1K (Supplemental Movie S3). Nonspecificity was assessed by analysis of staining with preimmune sera, by omission of primary antisera, and by analysis of wild-type hBRIE cells and hBRIE cells transfected with the rat LPA5 (Fig. 1L) .
In contrast, LPA5-positive afferent nerve fibers surrounding arterioles of the submucosal plexus did not appear to innervate the lumen of these vessels (Fig. 2, A-C) . Additionally, many of these fibers were positive for isolectin B4, suggesting nonpeptidergic small-diameter sensory fibers (Fig. 2C) (63) . LPA5-LI was detected in whole mounts of myenteric ganglia of the proximal and distal colon, where it was localized to nerve fibers with little evidence for positive staining of neuronal cell bodies or of myenteric ICC (Fig. 2, D and E) . Labeling was present in both myenteric and submucosal ganglia and in nerve fibers innervating the circular and longitudinal smooth muscle layers (Fig. 2F) . There was no evidence for LPA5-LI in smooth muscle of the muscularis externa or of the muscularis mucosa. Examination of the distribution of LPA5-LI in whole mount preparations demonstrated that there was little to no labeling of neuronal cell bodies as exemplified by neurons labeled for the calcium-binding protein calretinin (Fig. 2, G-I ). Immunoreactivity was largely restricted to nerve fibers running throughout myenteric ganglia (Fig. 2D) and within the deep muscular plexus (Fig. 2F) . In whole mounts of the myenteric plexus, LPA5-LI was present in a subset of neurons, including nitric oxide synthase (NOS)-immunoreactive and large NOS-negative neurons indicating that the action of LPA5 might include but was not restricted to secretomotor function (Fig. 2, J-L) . Because the central lacteals in the intestinal villi are not equipped with any smooth muscle cells (38) , the lactealassociated nerves are not likely to be vasomotor but rather sensory in nature. This was further supported by coexpression of LPA5 with CGRP in mucosal nerve fibers and peptidergic sensory neurons of DRG (Fig. 3, A-D) . Thus observations by others for the presence of LPA5 sensory nerves of the DRG (59) were extended by the identification of LPA5 expression on subpopulation of nerve fibers expressing CGRP. Neuronal LPA5 was localized to the cell surface and intracellular vesicles. RT-PCR 47% of 78 single neurons confirmed the immunocytochemical data that LPA5 was expressed in nerve fibers, which include small-diameter TRPV1 sensory neurons (Fig. 3,  E and F) .
Given the expression pattern of LPA5 in the neuronal fibers within the lacteals and mucosal cells, we examined the possibility that dietary content of the lumen could induce diet-responsive genes by receptors such as LPA5. We tested the activation by peptone (peptone-LPA5) on the expression of three diet-responsive genes in LPA5-expressing cells of the mucosa. Treatments with peptone increased c-Fos promoter activity in neuroendocrine-like PC12 cells, preproglucagon promoter activity in enterochromaffin-like STC1 cells, and neuropeptide Y (NPY) 1R receptor promoter activity in enterocyte-like hBRIE380i cells (Fig. 4A) . The effects of peptone, LPA, and FPP on nerve activities were further investigated using NGF-differentiated PC12 cells (a commonly used nerve cell line model) transfected with vector and LPA5 (Fig. 4B) . The expression of c-Fos is commonly used as an early marker for neuronal activities , where it was localized to nerve fibers (D and its higher magnification, E). LPA5-LI was expressed by a subset of nerve fibers (arrows) and was most prominent in nerve fibers associated with myenteric ganglia (arrows). LPA5-LI was also present in nonvaricose nerve fibers within the deep muscular plexus (F). LPA5-LI was expressed by a subset of submucosal neurons, shown here in the mouse ileum. Immunoreactivity was localized to the cell surface and to intracellular vesicles (arrows) (G-I). J and K: LPA5 was expressed by a subset of nerve fibers of the mouse ileum (arrows, a and b) including those positive for nitric oxide synthase (NOS) (b) and large non-NOS-positive neurons (a). Scale ϭ 20 m unless otherwise indicated. (44) . LPA5 activated by 25 mg/ml peptone, 1 M LPA, and 1 M FPP caused a twofold increase in the c-Fos expression in NGF-differentiated PC12 cells (Fig. 4C) .
We sought to confirm the effects of LPA5 activation on nerve activities using primary neuronal cultures. We used primary hippocampal neurons, a well-studied primary nerve cell culture model, that were overexpressing LPA5 (Fig. 4D) . Only peptone was used as a stimulus because peptone induced the highest induction of c-Fos promoter activity in NGFdifferentiated PC12 cells. Peptone at both 10 and 20 mg/ml induced a significant increase in the c-Fos expression in the hippocampal neurons transfected with LPA5 (Fig. 4, E and F) , which provided more evidence suggesting that the activation of LPA5 could increase nerve activities. This was consistent with the increase in c-Fos promoter activity upon LPA5 activation in differentiated PC12 cells. (Fig. 5A) .
The c-Fos promoter fragment used in this study also contains CRE, and the activation of the cAMP-related signal pathways is involved in the regulation of neurotransmitter release from PC12 cells. Therefore, we examined CRE reporter activity in response to LPA5 activation in PC12 cells. In response to 25 mg/ml peptone, 1 M LPA, and 1 M FPP, CRE reporter activity was increased significantly in PC12 cells transfected with LPA5 (Fig. 5B, bar 1 vs. bars 2-4) . These results suggest that activated LPA5 induced c-Fos expression partially through increased activity on CRE and that peptone-like dietary components that activated LPA5 in nerves could lead to the release of neurotransmitters (17) . The expression pattern of LPA5 in lacteals and peptone induction of c-Fos expression led us to speculate that MLF provided a vehicle by which luminal dietary peptone-like molecules could activate LPA5 in sensory nerves. Additionally, the observed peptone-induced c-Fos expression suggests a pathway for sensory nerve activation by MLF that is independent of chylomicrons. Therefore, this would provide a means for nutrients to directly activate enteric nerves without these nerves requiring direct contact with mucosal cells of the lumen. Using an AEQ-based calcium ([Ca 2ϩ ]) assay, we first tested the activation of heterologously expressed LPA5 in CHO cells by MLF from rats taken at various time points after lipid-rich Liposyn was infused into the duodenum. Before the infusion, rats that were previously cannulated at the superior mesenteric lymphatic duct were fasted overnight. Sixty minutes before the bolus infusion, MLF was collected for fasted values. Liposyn was infused in a single 3-ml bolus. MLF was then collected on ice. MLF (at 1:50 dilution) activated LPA5, as indicated by an increase in [Ca 2ϩ ] i mobilization, which peaked at 120 min after the nutrient bolus (Fig. 6A) . This time frame corresponds to the physiological rate of absorption of a mixed meal in the small intestine. LPA5 activation by lymph from animals given a nonabsorbable dextrin bolus decreased to basal activity after 60 min. This initial response could result from activation by nonabsorbable factors relapsed into the lymph initiated by the luminal instillation. Overall, a dose response of MLF from the Liposyn-fed animals indicated significantly enhanced activation over the dextrin group at dilutions greater than 1:400 (Fig.  6B) . Intrinsic primary afferent neurons are not thought to respond directly to organic nutrients because the afferent nerve endings are separated from the luminal environment by the mucosal epithelium (10) . However, our study shows that nerve endings in mesenteric lacteals containing mesenteric lymphresponsive GPCRs, such as LPA5, provide a means for primary sensory afferent neurons to be nutrient-sensing neurons similar to the EEC.
Because bile acids could be constituents of MLF that could contribute to the responses observed with both dextrin and diet, we tested whether the MLF taken from rats with diverted bile could activate LPA5 in mucosal hBRIE380i cells. For these studies, animals were given a single 3-ml bolus of Ensure (representing a mixed meal; 4.43 kcal; Abbott Laboratories). The absence of bile acids had no effect on LPA5 activation (Fig. 6C) We next tested whether P2Y5 and P2Y9 were responsive to MLF. However, we found that only LPA5 was activated by MLF. One possibility that cannot be excluded was the presence of cellular products of the infused lipid from the enterocytes or molecules such as lysophosphatidic acid because the phospholipid content of mesenteric lymph was reported to increase 1 h after lipid infusion (45) . However, mass spectroscopy of MLF taken from fasted and Ensure-infused animals revealed no detectable changes in the concentration of phospholipid agonists of LPA5, LPA, and FPP. No significant differences were found in the concentrations of LPA as 16:0, 18:0, and 18:1 and FPP between fasted and fed animals (n ϭ 4 for each group).
It was determined, by qRT-PCR, that DRG LPA5 mRNA was at a significantly elevated level relative to that from mouse ileal and colonic tissues. Compared with mRNA from the liver (as a control relative the mRNA) differences were as follows: DRG 37 Ϯ 2.5, duodenum 33 Ϯ 1, ileum 28 Ϯ 5, colon 14 Ϯ 0.7, and liver 1 Ϯ 0.1 (n ϭ 3; *P Ͻ 0.05 Ϯ SE). Given the expression of LPA5 both in the mucosa and sensory nerve fibers of the DRG, we tested whether there was tissue specificity in receptor activation by MLF. We used Ensure-derived MLF to examine the change in transience [Ca 2ϩ ] i in stable hBRIE380i cells expressing LPA5 tagged with green fluorescent protein (GFP) (LPA5-GFP) by Fura-2 AM in a [Ca 2ϩ ]-imaging assay (2) (Fig. 7) . We observed LPA5 activation by a rise in [Ca 2ϩ ] i . MLF-LPA5-responsive cells were also responsive to PAR2-AP (Fig. 7, A-C) . Because PAR2 is proalgesic and proinflammatory, we tested whether MLF could induce [Ca 2ϩ ] i mobilization in primary cultured mouse DRG. Treatments with MLF at 1:10 dilution increased [Ca 2ϩ ] i mobilization in neurons that were also capsaicin responsive although not all cells were responsive to peptone (Fig. 7, D and E) . Importantly, endogenous receptor activity in response to peptone and MLF was also observed (Fig. 7E ). This suggests that there are multiple receptors that might respond to a variety of ligands present in MLF. Primary DRG cultures heterologously expressing LPA5-GFP displayed an enhanced increase in [Ca 2ϩ ] i when exposed to MLF (Fig. 7, F-H) , which was independent of TRPV1 activity. Collectively, these data demonstrate that lymphatic fluid constituents activate receptormediated sensory nerve activity through LPA5 and possibly other unidentified receptors. The feeding-dependent activation of LPA5 by MLF provides a mechanism through which nerves outside of the submucosal and myenteric plexus could be activated by organic nutrients present in the lumen.
DISCUSSION
The composition of lymphatic fluid reflects its role in maintaining fluid homeostasis (25) and blood pressure (70) by providing a means of returning interstitial fluid to the systemic circulation. Molecules can enter the mesenteric lymph through paracellular routes, through gut-associated lymphoid tissues, and transcellularly via the intestinal lipid transport system (55, 69) . Together, these routes allow entry of molecules from mucosal secretions, the luminal surface, and serum capillaries. Similar to serum, mesenteric lymph also transports a range of molecules (34, 58) ; however, in contrast to blood capillaries, the intercellular junctions between endothelial cells in lymphatic capillaries are more open (200 -800 nm) and the flow rate is far slower (1/500). Therefore, peptides and other macromolecules are sequestered in the lymphatic system before entering the circulation (58) . Additionally, bioactive peptides sustain a higher half-life given that proteolytic enzymes, such as dipeptidyl peptidase IV, are found at lower concentrations than in sera (65) . Using rats with mesenteric lymph fistulas, it was demonstrated that the mesenteric lymph contains gastric inhibitory polypeptide, secreted from EECs, at significantly higher concentrations and of a longer half-life than that found in the circulation (52) . Similarly, GLP-1, an important incretin released from mucosal L-cells, has been reported to be five times higher in concentration in mesenteric lymph than in portal blood (22) . Lymphatic concentration of GLP-1 varies in response to feeding (51) . Because PYY [which is copackaged with GLP-1 in L-cell secretory vesicles (7) ] is secreted in response to dietary free fatty acid (5) and CCK is secreted in response to dietary protein and fat (49) , it is expected that these peptide concentrations also increase in lymphatic fluid upon feeding.
It has been shown that neuropeptides, such as vasoactive intestinal peptide and CCK that are released into the mesenteric lymph (11, 29, 31) , can act on their receptors in the sympathetic and sensory nerves innervating the mesenteric lymph nodes and lymphatic vessels (61) through vagal afferents (31) . Our data suggest that the nerve fibers of the lacteal are part of a visceral sensory system that could function separately from those of the vagus, perhaps through primary spinal afferent nerves. Therefore, sensory nerves within the interior of lymphatic vessels or that express the receptors for these neuropeptides (CCKAR, NPY1R, GLP-1R) could respond to luminal signals through these peptides as well as to lipid and protein components from the serosa or mucosa via LPA5. Additionally other molecules found in MLF such as phospholipids, which increase with dietary lipids (45) , can become biologically active by acting as ligands to GPCRs (similar to LPA5) that are expressed on sensory nerves. Although we did not find that LPA5 was activated by bacterial peptides such as desmuramyl peptides and PAM 3, the possibility for expression of GPCRs on sensory nerves of the mesenteric lacteal that are responsive to components of the gut microbiome remains to be explored.
Most of the nerve cells express one or more subtypes of LPA receptors, and LPA regulates many important functions in nerve cells such as differentiation, myelination, and adhesion (27) . Peptone can also induce the activities of the peptidergic and cholinergic neurons in the gastrointestinal tract (48) . Through LPA5, FPP increases nerve activities in cultured DRG neurons, as indicated by the elevation of [Ca 2ϩ ] i (59) . Consistent with other reports, we showed that the activation of LPA5 (in response to peptone, LPA, and FPP) induced the expression of c-Fos (an early marker of neuronal activity) both in a nerve cell line and primary nerve cells. The expression of c-Fos is often used as an indicator for neuronal activities and differentiation in PC12 cells (18) . In addition to the expression of c-Fos, activated LPA5 also induced the transactivation of CRE reporter activities in PC12 cells, which can be induced by increases in [ (17) . Therefore, the activation of LPA5-like GPCRs on CGRP or Substance P-expressing sensory nerves likely results in the release of these peptides. Importantly, GPCRs such as LPA5 could be considered to be ligand-directed multifunctional GPCRs. LPA5 activation by LPA mobilizes [Ca 2ϩ ] i and activates ERK1/2 through both G␣ i -and G q -mediated pathways but does not result in the release of CCK. This would allow for changes in phospholipid composition of MLF following a meal as LPA or FPP (60) The current studies present a mechanism for the direct activation of luminal components such as dietary nutrients of sensory nerves. Chylomicrons are a major component of mesenteric lymph fluid after a lipid-containing meal. We established LPA5 activation in enterocytes and neuronal cells occurring independently of the presence of chylomicrons. C-Fos promoter activity in PC-12 cells and c-Fos expression in cultured hippocampal cells occurred in the presence of peptone, which was devoid of chylomicrons. Additionally, the concentrations of the potent LPA5 agonists, LPA, or FPP were not found to change in the lymphatic fluid harvested from fasted or fed rats, which would indicate other nutrient-dependent secretagogues present in the MLF. The sensory neurons Fig. 8 . Feeding-dependent activation of enteric sensory nerves through mesenteric lymphatic fluid. Partially digested protein or dietary lipid products that are present in the intestinal lumen comprise part of the lymphatic fluid derived from the intestinal lumen or from extracellular leakage. The accumulation of these molecules activates receptors such as LPA5 present on sensory nerves, which are in contact with the fluid within the mesenteric lacteal, such as CGRP (seen as green fluorescence) (1), which innervate the mucosa (1), the submucosal (2) and myenteric plexuses (3), and primary afferent neurons of the DRG (4). This newly described macronutrient chemosensory system (shaded area in yellow) would allow the central nervous system to monitor changes in the mucosa or interstitial fluid, in response to diet through intrinsic and/or extrinsic ganglia. The solid red lines and receptor represent data shown in the present study. from primary cultured DRG exhibited changes in [Ca 2ϩ ] i in responses to both peptone and to MLF in nontransfected cells. This endogenous response to peptone was not seen in all cells, which is consistent with the observed coexpression of LPA5 and TRPV1 in 47% of these neurons. Although LPA5 activation was not dependent on chylomicrons, it is likely that a number of GPCRs expressed on lacteal nerves will be discovered and found to respond to a variety of MLF constituents, including lipoproteins and chylomicrons.
The expression of LPA5 in sensory nerves and nociceptive regions of the CNS (50) brings forth a potential new mechanism for events occurring at the lumen-mucosa interface to enhance or attenuate sensory signals to the CNS through chemical signals in the lymphatic fluid. GPCRs, like LPA5, expressed in sensory nerves found in peripheral lymphatic vessels could also perform a similar function in response to molecules in the lymphatic fluid derived from the interstitium. Similar to the mucosal lacteals, the media layer of peripheral lymphatic vessel walls is also richly innervated with CGRP and other peptide-containing nerves (35, 36) . Therefore, neuropeptide hormones secreted from EECs in response to luminal nutrients could also act on sensory nerves from peripheral lymphatic vessels, independently from the endocrine system. This would result from the direct contact of sensory nerves with lymphatic fluid. Thus the molecules in the MLF via responsive GPCRs could convey information with minimal dilution to the CNS by primary afferent neurons with cell bodies in sensory ganglia (such as the DRG, vagal sensory ganglia) that are close to the brain or spinal cord and in the brain stem (28) . Future studies involving anterograde tracing of spinal nerves to determine whether it is possible that spinal afferent neurons could be part of the mucosal plexus that innervates the lacteals would be an important step in resolving this question.
Our study is the first to demonstrate that lymphatic fluid activates sensory neurons. The direct activation of GPCRs expressed in sensory afferent neuronal fibers within lymphatic vessels by lymphatic fluid allows the intestinal contents and interstitial paracrine agents to act like hormones. Additionally, given the anorectic effects of central and circulating sensory neuropeptides such as CGRP (64) , our data point to a new pathway for the modulation of behavior, such as food intake, by premetabolized dietary nutrients via MLF-GPCR activation of sensory nerves, which represents a neurolymphocrine system (Fig. 8) .
